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DEVELOPNIENT OF NEUTRON MULTIPLICITY COUNTERS
FOR SAFEGUARDS ASSAY

&EnSWl

Los Alamos Natiotwd LaboratoV

LOS AkimOS, NM 87545

ABSTRACT

This paper reports on the development of a new generation
of neutron multiplicity counters for assaying impure pluto-
nium, The new counters will & able to obtain three measured
parameters from the neutron multiplicity disrnbution and will
be able to dcterrmnc sample mass. multiplication. and (a,n)
reaction raic, making it possible to obtain a more marrix-indc-
pertdent assay of moist or impure materials. This paper
descnbcs the cxist:ng prototype multiplicity counters and
cvalua[cs their performance using assay variance as a figure of
merm The best performmwe to date is obtained with a high-
effrcicrtcy, low die-away-time thetmtl neutron counter with
shift-register elccrronics.

1, INTRODUCTION

Neurrcn coincldcncc counters arc used to vcnfy or account
t’or plutonlum and urunlum samples present m the nuclear fuel
cycle. The counters arc used for assay of scrap and waste,
shlppcr/rccc]ver cent; rmatory measurements, and inventory
vcnfrcation. A fundamental limitation of the current gencr!!tion
of neutron comcldcnce counters IS thcw ability to measure only
IWO mtra.meters: the total neutron count rate T and the real c~
lncldcnce coum rate R, For a typical sample, there arc at least
three unknown~: moss m, neutron leakage multiplication M,
und the fracuon a of neutrons from (a,n) rcacuons relative to
[husc from sporttitneous fission, (If the sample contains
neutron -modcrimng materrals, then the neutron detccuon cffl -
clcncv c cm be a fourth unknown. ) Thus n IS often not ~ws-
\Iblc 10obtmn accu.rutc assays of impure samples fo” which M
,,nd a ire both unknown, and II IS customary to use slower but
w.{~rc ticcurate tcchnqucs, such as calonmctry, for account-
JtMIIIy of bulk plutomum sumpics,

I?IC new neutron multiplicity counters under development
.UC dlmngtotlied from cxlsting neutron cotncidencc counters
hv [hclr ablhty to meitsurc a third parameter. llte multiplicity
counters measure the rrtultlpliclty dismbuuon of neutrons
cmltted by the sumple (the number of ()’s, 1‘s, 2’s, ctc,, rcg-
I\tcred itftcr an mlt]al mggrr cvcnt~, Horn the masurcd mul.
IIpl ICIIy dlstnbutmn It lS possible to extract three measured
iuirumelcrs. “rhesc mity he thoughl of as single, double, M
mplc uolncldcnccs, ultlmrgh In pmctlcc ~he most common ap-
prwtuh IS tu ;omputc the first thmc moments of the rr,ulupllclty
~!lstrlbuuon (mrmlcn[s final ysls)l or 10 work dwtwtly w]th the
number of 0, 1, md 2 nuIhIplcts ( multlp)et appro~ch)) “1’hrcc
unknown parameters \uch as satnple mass, M, and a, can then
he LIdculrIIcd t’rom the thrtc mcasurd pammclem,

The goal of neutron multiplicity analysis is to correctly
assay in-plant materials without any prior knowledge of the
sample matrix. The availability of a third measured pararnctcr
will make this possible for many materials, including impure
plutonium oxide, oxidized metal, and some categories of scrap
and wast~. If the samples contain moisture or other neutron
moderating materials, it may still be possible to obtain good
assays by using the ratio of neutron counts in the various rings
of detectors in the multiplicity counter to csamate and correct
for the emitted neutron energy spectrum, Table I summarizes
some of the potential applications for multiplicity counters.

TABLE 1. Some potential applications of neutron multiplicity
counters te nuclear matcnals present m DOE facihties,

1.

‘1-.

1.,

4.

5.,

6,

Impute plutonium oxide with unknown a-particle source
strengths like Am or unknown (qn) reaction rates In
matcnals like F,
Moist plutonium oxide, where the moisture incrcascs the
(am) reaction ra:c and decreases the average energy of
the neutron spectrum.
Impure plutonium metal with an oxidized surface, !vlg
impurities, or other (am) emitters that arc present m
unknown quantity.
Pyrochemical wap materia!s such rts spent salts or wilt

scrub buttons from direct oxide rcducuon, molten sdt
extraction, or clcctromtirting processes.
Plutonium-bearing waste materials with some
multiplication and enough (ret) reactions to signiticwrtly
bias the coincidence count rate.
Uranium metals wrth imgular geometry, where acuvc
ncutmn coincidence coun~mg i; inacc&tc because of’
wlf-muittphcattott

11, EXISTIN(; PROTOTYPE” (,’OUNTERS

‘l-hem arc a surpnsmg number of design optmns for multi
plIL’IIy counters, !Wultlpliclty mcasurcmcrtls with CXI\IIn M
thcImd neutron counters have hccn reported ft)r J lhrcc IIIlg

AL’IIVC Well Colncidencc Counter (AWCC)J itnd for u I IIKII

I ticl Neutron (’oincldcncc (’oumcr (1{1.N(’.ll14 ~~pcr;lle~!
u III] the Euratorn Time (’omclatmn Anulymr ~ ~cilsuretlwtlt~
w IIh ncw counters have been reported t’or the lA)~ AliIII)I)\

(IwII mode thcmml neutron multlphclty (wuntcr, ! ;~fast II CUIIIIII
( (mnlcr immxype, n iIrId the Au\trul IM\ ~UL’kiU !h’Ic IN JII(I



T.~BLE II. Important parameters for existing or prototype neutron counters that ha~e hen.
used for multiplicity measurcmerm. Ile range of plutonium m~ss and tiss~y precision IS
~ev=nnined from Fig. 1, assuming 6% ~~~pu, 1~.s counting times, dnd equal numbers of

spontaneous fission and (an) neutrons (a = 1).

Neutron Multiplicity Detection Neutron Electronic Range of Assay
Counter Efficiency Die-away Stability \lass Preclsl m

(%) ($) (~o) (g Pu) (%)

Three-ring AWCC3 38 55 ti.3 15-15000 2-6

HI/?JC-H4 18 43 to.03 15-15000 -$-10

Dual-mode CU. 43 24 *0.03 15-15000 l.~

(High-eff. mode)s

Fast Neutron 7 003 f5 80-15000 1-6

Countcr6

kMRdktl hybrid 36 11.3 f? 15-1OOO 6-11
3He/(jd-load~ S~~[.7

Technology Organization (ANSTO) prototype multiplicity
counter.’ Some of the importam features of these prototypes
are summarized in Table II. Other plastic- or liquid-scintilla-
tor-based options arc also being evaluated.

!kfufriplicity measurements were fist reported for the the.
ring AWCC, which was used in the passive mode t~ assay a
\ ariety of plutoniilm samples. ~ Neutron detccrion efficiency is

high for this counter, which contains 60 JHe tubes, but the
die-away time is also relatively high. Electronic stability is
good because the thermal neutron capture process makes i!
easy to set a threshold below most of the expected detector
pulse heights, The range of plutonium mass and the associ-
ated range of assay precision reportd in Table H for this
counter are based not on the actual rncasurctncnts, which were
Analyzed with the multiplet approach, but rather on the resuits
of [he figure-of-merit code described in Sec. III below and il-
lustrated in Fig, 1, which is based on the moments approach.
The moments approach yields a significantly lower assay vitrl-
ance because more of the avatlable data are used

“rhe HLNC-11 contitins 18 ~He tubes and is undermoder-
uted to reduce Its wclght.4 Although this counter was de-
wgned for pomtble itppllcations and was not intended for mul-
ttpliclty measurements, It is included in this comparison bc-
ctiuse some multiplicity measurements have been carried out
by Merlyn Knck tit Los Alamos. If the multiplicity data are
mtlyzed by the moments approach, it is possible to obtain an
,Iiwy prtxlswn of 4 to 10% In IO(X)s for some sampl:s.
“1’hus the HLNC- II cm.sld be used for the verification of some
~Jutllers by rcmcusur~ng thcm for several hours, Both lhc
I (LNC-11 and the dutil-rnor.fe counter descnbcd below are vcv
\tuble because d’ thclr Amptck preump-dlwmmlnwr umwiy,

“rhe dual.mode neutron mulrlplicity counter Is the first
~’{wnter designed fpeclflually for multiplicity measurements, s
It IS dewuned m huvc both high neutron detection efficiency
und low die. away t]me, Tlis is achieved by using 130 ‘}{c
tubes m five rtngs, with the Iuhcs cmbedskd in aluminum with
rmly a [hln sleeve of ptdycthylcne, in the low-efficiency mode

10.0

I
1,0

“,,~---J.J
1000

24%MAu(g!

I;lg I Away StSfl m lWO $ as a [uncs.mnof ~40Pu mass for smp!ci
wilh u ■ 1, l%e curves (from Ref. ~) were @kulad uwl ~u’ LMJV
\urlance code, and Ire m good agreement wuh ealsung mew.ucmcn[s
JIuIly@ with tie rrwmenu q)pnxh. The cwcs sm fcr the five prim).
ty~x muluphclly counters descnbd m the teat: (Al tiretrmg AW(I’,
I l)) t{ LNC. [1, (C) dud-mode multiplicity counw, (D) 1:SI IICUU(III
ttIumcr, and (E) ANST() mult@cNy counwr,

r’III (q)erutlorl, coch tube is wrap with it CildIIUUlll ll)w?rt+ thC

Ilcutr{m ctficlency is 17%, an the dte-iswuy time I\ I I X p~
In the high.efficiertcy mode of operation ( Ilslcd In I’iltllc II),

!hc c’idmIum inserts are removed, the etftclency Is J,l’1 , JIId
the dlc-:lway mne 1s 24 ps. [n ~h!s mode of opcruu(m, J\\,Iy



Detectl(m eftlclencv IS also high for the Ausrriilian hylxd
Loun:er, which contmns S() Iltcrs ;l g~dollnlum-loaded Iiqud
\Llnnlll[or,7 The gadollrrlurn Also acts as a neutron poison mti
[hereby pro~ides a low dlc-awiJy [line. Electronic stability is
.ig~!n not JS good JS t’or [he [henna] coun[crs. Dcsplte the high
f;eutron de[~ction etficlency imd low die-away ume, [he assay
pre~’lslon 1s not good. }{owever, this 1s caused by other e!-
!’wts thtit could he ~llevuted In the future: the ~He mgger clr-
(~il[ h~s J very 1(w efficiency, and the Iiquld sclntlllator has J
h~ghgmmit.ray hw-kground r~te,

‘I%e importwrce of tissuv karlmce t’or m~itlpl]clty counters
~~lgge~is Its use iis J tlgure of [nent tnr compu.rrrrg the peti”or -
m.mce ~Jt’dlit’crent de$lgns, When other cntcnis such as cost,
sublli:y, .ind ruggcdrrcss h~ve hecrr met, tissay viwrtince nuy
dc!cm~ine the ultlmtitc usefulness of the lnsuument, “rhls tig-
[ire (~! mcnt c;~n he u~ed as tin ohjectlve v~rdsttck for compar-
II~g rl~ult]pllclty t’{wntcr, wtd for prcdlctlng [he ct’t’ect of design
L’hJnge\,

If’. I)ESI(; % (’RITERI,I FOR \E[ ‘lR()\
\l( L’r IPl,lC IT}’ (. OL’NTF,RS

The rnulbpllcicy counter must have ii high n?urron Jcteuuon
c!t’iclenc-y [o ,:oilect is sutllcient numtxr ot’ high-order coinci-
dences, Ideally, J useIul neutron multiplicity counter should
.IISO retain the assay speed of current neu[ron colnc.idence
counters. At the present ume a practwal goal is 1% RSi) In
1000” s. The Ilmlting factor In rneet]ng this god is the Jlfti -
culty in obtalnlng 170 RSD on [he u-rples, or thtrd momenr,
,md this sflme factor rules out the exuxtmrr of a fourth pxm-
c[er from r-hemul~plicl~y dismbuaon.

The multiplicity counter shou]d also have J shwl dIe-LJw;Iy
[Ime to opumlze the r~tm of Lfie c(mel~ted signal 10 the unL.(~r-
rel~[cd background ot’ acuiden!al coincidences. .’4s uln -
~’re.ises, the need for short dJe-8WL~ !lme becomes mtwe I: Ii-
portarrt. Figure 2 Illustrates assay RSO At u = 10 for the tl\c
Iwtotype counters desmbed In this pJpeI. At [his high vdlue
O( u, .~uch as migh! be found m some pyrochemlc~l pnwess
residues, ~he assay RSD for all five counters becomes rnuth
higher. md the t’~st neutron counter (curve D) is now expeLtcd
[o huve the lowest RSD for 10- to looo.g J4’)Pu sJmple\,
Thus, J[ high a, short die-awisy time becomes [he rno~t 1111-
p{lrtmt cntctwn, iuld J fast neutron countcl may be needed,

Three other design cntenu Involvlng neutron dctectl~~n
tt’ficlenc) affect JssiJy tiIiJs mther than assuy preclswn, ‘1”{)[he
c~[cnt to which these cntcnis cisn also he met, Ihe rllultlpll~lt!
~ounter WI!] IX more versfltlle Jnd will requ; re J smullcr nurn
her ~)i u:~lihratlon uurvcs for d~ffercnt m~(erral [y~s, one ~n.
tenon IS [he need for uniform detectmn ct”fiuency ~cross the
wnple ~olume, Secondly, the design should huve J nemlv
{Ipt!md thickness d’ polycthvlene so thut smail neutron eneruv

\\xxVum shltts, such ;is tlmsc cmsscd hv sumplc molsturc, w Iil
m)t hm the dsw~y. “Ilmily, the detcc!mn et fic’:ency ~hould In

I’:\lll.t{ [11 [)C\lgIl L’rlfCilil ltw ncumm rllultlpliclty L’()(Jl!!(’r\.

l{~(i~hlv In (}rder ot Inlp(m:lnc’c,

I I Ilgh ncuIrxm de[cLr](m cf’t-l(’lent’v



I
1,0 -

Z%l MAW (g)

FIg 2 Assay RSD m ltMO s as a funcuon of 24% mass for sas’sspks
w ILSIa . 10, The curves are for rhe five prototype mulupliclly counlws
described m be kxt: (A) Ihrec-nng AW’CC, (B) tQNC-11, (C) dust-mcde
mulupllc]{y counter, (D) fast neuwon counter, and (E) ANSTO
mulupllclly counter.

general be independent of energy spectrum shifts caused by
(u.n) neutrons, which arc emitted with erlcrgies m the range of
I w 5 !tlcV. These thrc; rcquucments arc to some extent in
~’ontllct with [he need for high eff’rclcncy and short die-away
tlmc, and thereby complic~tc the design process. However, If
[hese criteria are not me~ then neutron detecuon efficiency be-
domes a fouti unknown vaniiblc.

Tbe neutron multiplicity counter elccr.romcs shoulc! be sta-
ble [o 1% or better, a requucmcn[ eissily met by exismsg ‘Jcr-
rmsl neutron counter clectromcs packages based on Amptck
integrated nreamp!dlscr, mln;~tors. For sclntlllamr-hissed
L’ountws this ISa Mficult crrtcnon to meet, and wtll rcqumc the
use of spccutl stubdlzarmn clruulw.

l;{~r m.plwit meissurcmcnt.s by DOE or [ntemisaonal Atorn.w
Ilncrg) Agency m~pec[ors, tie muiupiiclry counter shouid also
he rugged enough to be tritnspot%tblc from one process areis to
mother, tit least during the mmal evaluittion phase. 7 his cnte -
rl(m i} JgJln cJslly met by thermal neutron coumer dcslgns,
twt lJ dltticLsi[ to mcel for Ilquld-wll\tlllator-kd fast neutron
~’{)untcrs,

( )pcruli(;nd SImplICIIV, cis>c t)f nmntenime, and modcritte
L(I\I ~rc other dcsmblc t’rrtcrr:], !+lnlpll~lty and masntamisbdlty
;lrr! ~’)mewtiat rel~ted u) clclctronlc \:isbIIIty isnd physlcd
r~lggcdncss, tind [he ~(mmwt[s mitdc iskwvr iil~~ ispply !wrc
\luitlpi:clty cwlnlcrs WIII co$t rm)rc thitn cunvcnuomd uounlers
bccuusc more neumm detectors, clcctronl~s, wtd software WIII
he requwcd. ‘Ills wrll properly Ilmu their use to mcswwrernent
prt)hicms tot’ whwh conventmnd counters &rc msufficlcntly
;icc~rate, >uch iis those Itcmlzed In Tttblc 1. If multrpllcllv
~~wntcrs can uuiy pr[wldc itswtys that arc mdcpcndcnt ot most
rlutnm ctt’ect$, (I1Cddltlonitl costs wlil be jum~icd.

W’e me currently in tie process otdes; gnlng a new 1- i)r -1-
nng thermal neurron multipliclfy counter for m-pian[ measure
merrt problems. The new design wdl be sin-ular In concept to
the 5-ring prototype developed by Krick, Bosler. and
Swanscn,5 but will have a larger sample well and will try to
meet as many of the above-mentioned design criteria as pOssl -
bie. We plan to begin an evaluation of t-h counter on in-plant
num-ials such as impure oxides and pyrochcmical residues In
1990.

v. CONCLUSIONS

From Fig. 1, wc can conclude that several of the above
prototypes give fairly good pcrfotmancc for some values of N1
md a, which is very encouraging. All cart assay at least one
or two sam Ies overnight. The performance of two of the
prototy~s Y‘. cars be improved significantly by easily itttainabie
increases in the neutron detection efficiency or neutron rngger
efficiency.

However. for most samples in the range of 1 to 100 g
240Pu, ~e god of 1% RSI) in 1000s can be met oniy b< the
short -die -awaytimc thermal neutron coun[cr developed by
Krick, Boslcr, and Swarrscns and operated with shift-register-
bwxi multiplicity electronics.9 This design concept is thus the
most likely candidate for the coming generation of in-plant
multiplicity counters. This approach provides the best wcr:~ll
assay RSD at present and uses field-tested 3Hc neutron detec-
tors and associated electronics. The new thermal counter that
wc are now designing will be optimized for in-plant usc imd
wI1 be applied to as many materials as possible to push its
usefulness to the limit.

For values of a larger than about 5, a scintillittor-based [~st
neutron counter may have a lower assay RSD, as illustrated in
Fig. 2. Research on p!mtic- or Iiquid-scintilhitor optmns M
continuing at a slower pace because of problems with elec-
tronic stability and sensitivity to the neutron energy spectrum.
Field-worthy fast neutron multiplicity counters are, pcrhitps,
wrll one more gencmion removed.

For very high values of a (above 10), such as those tound
in amcrrc ~m- or tluonne-bcartng salts or p)utonium tluonde,
muiupliclty counters do not have a low enough assay RSD bc-
CJUSCof the high background signal, The sample sclf-lntcrro-
gutlon techruque, which can be accumte to 5 or I(Y% (Rcf iO)
rnuy be best for such materials. The chowc of the best Jssuy
[eu!rnlquc for a particular measurement problem depends on
~;implc muss, multiplication, and u, wtth a being perhaps the
d,m~lnant Influence, Table IV lists [he currently avisllisblc
neutron cmcidcncc counting techniques and glvcs the rimgc
of u for which they are best suited. This table provdcs [miy
r[mgh guldelincs, and more in-plant measurement cxpcncnuc
rs rcqumxi to better define the range d tippllcabriity for each
Icc$hnlquc,

L’ntil neutron muluplicity counters become itvitIlublc, we
rt”c(muncnrj that the neutron totals and neutron colncldcrlc’t in-
t“(mm~tlon currently provided by cxlsting in-plisnt counters k
Iully cxplo!tcd by applying existing known-u, known-hf, or
wl!-lnterrogittion techniques, “I%csc techniques curs pro~ de
hcttcr Jssay accurucy or ncw diitgnostlc Int’ormwl(m ttw nl,ln)
rn; ltcnal cmcgones.



T.ABLE {V. Presently available neurrort coincidence courmng
[echrtques and their range of applicahlity as t function of the
rJtlo of sample (an) neutron rate [0 spontaneous tiss]on neutron
rate, a.

\euUon Coincidence Counting Technique u

Conventional coincidence counting with
self-mulapbcxion correction for samples
w lth well -ctmractcrizcd composltton (known a) 0-1

Conventional coincidence counting for samples
w nh well-characterized geometry (known .M) 0-5

Thermal neutron multiplicity counting 0-5

Fast neutron multiplicity counting ()-10

Sample self-interrogation technique 1o-1oo
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